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2. Abstract:

Our MURI research team has developed several innovative materials and devices that
would enable a quantum leap in the performance of RF Photonic systems. We have also
applied these devices to several novel system concepts and achieved world record
performances. In the material development, we have produced new electro-optic
polymers with record high electro-optic coefficients (r33 = 60 pm/V at 1330 nm and 45
pm/V at 1550 nm wavelengths), low optical loss (< 2 dB/cm), and good long-term
stability at 100°C. This leads to electro-optic polymer modulators with record low Vpi
(1.2 V@ 1300 nm and 1.8V @ 1550 nm) and high bandwidth (> 40 GHz, limited by the
measurement systems). On the receiver side, we have developed a series of innovative
high power traveling wave photodetectors, including a distributed balanced photodetector
with a record noise suppression (43 dB) over a broad frequency range, a parallel-fed
velocity-matched distributed photodetector with a very high linear photocurrent (52 mA),
and a novel backward-wave-cancelled traveling wave photodetector with 38 GHz
bandwidth and 6-dB enhancement of RF efficiency. We have also demonstrated a new
balanced electroabsorption modulator concept that enables us to simultaneously cancel
the second- and the third-order distortions. Using these components, we have
successfully demonstrated a novel time-stretched photonic analog-to-digital converter. A
record high sample rate of 120 Gsamples/second has been achieved.

3. Overview:
3.1. Introduction

Photonics is an important enabling technology for the generation, processing, and
distribution of microwave signals. Many RF photonic systems have been proposed or
demonstrated, however, the RF performances of most systems did not satisfy the
requirements due to limit in materials and devices. Under the sponsorship of Office of
Naval Research (ONR), we have organized a vertically integrated Multidisciplinary
University Research Initiative (MURI) team from four universities (UCLA, USC, UC
Berkeley, and MIT) to address the critical material and device issues in RF photonics. In
this paper, we report on our recent achievements in electro-optic polymer materials;
wideband, low-voltage polymer modulators; distributed balanced photodetectors;
balanced electroabsorption modulators; analog vertical cavity surface-emitting lasers;
planar integrated antennas for photonic-microwave conversions; and arbitrary waveform
generations.

3.2, Polymer Electro-optic Modulators

Our research has focused on exploiting the concepts of nanoscale architectural
engineering to design and synthesize new materials characterized by record electro-optic
activity. Nanoscale supremolecules called dendrimers because of their branched "tree-
like" appearance have been prepared that yield record electro-optic activities of 60-90
pm/V at 1.55 um. Proton concentration is readily controlled in these materials (in




contrast to polymer materials) leading to low proton density materials and low optical
loss (0.2 dB/cm) at telecommunication wavelengths (1.55 pum). Nano-engineered
dendrimers also exhibit better processability including solubility in spin casting solvents.
They are easily interclated into photonic bandgap lattices to prepare voltage-controlled
wavelength selective filters for applications such as WDM. They are readily crosslinked
to yield hardened lattice for the improvement in thermal and photostability. In the past,
organic electro-optic materials consisted of chromophores and "everything else" with no
thought given to the "everything else". Dendrimers provide a route to making the
"everything else" contribute to desired properties ranging from electro-optic activity, to
optical loss, to stability.

Figure 3.2-1: Photograph of 10 Mach-Zehnder modulator on 3-inch wafer
with Vri(de) of 1.2 V @ 1300 nm, 1.8 V @1550 nm and 3-dB bandwidth
of 15 GHz and 35 GHz, respectively.

Using the new polymer materials, dramatic advances in practical high-speed polymer
electro-optic modulators have been achieved. Traveling wave push-pull modulators
(Figure 3.2-1) with Vr of 1.2 V @ 1300 nm and 1.8V @ 1550 nm have been
demonstrated. These devices have a 2 cm long interaction length and have a measured 3-
dBe bandwidth of 15 GHz. Similar devices with shorter interaction length and higher V
have a bandwidth of 35 GHz. The success of these modulators is based on a new
understanding of the chemistry of electro-optic polymers, new fabrication procedures,
and the integration of guided wave optics and guided wave electronics. Great progress
has also been made in issues relating to the long-term stability of polymer photonic
devices. We have demonstrated long-term photo-stability by excluding free oxygen in
the packaging and made progress on improved long-term thermal stability. An effort is
now underway to bring these devices to market.




Figure 3.2-2: scale drawing of the transition structure with optical
intensity contours from a 3-D vectoral simulation superimposed.
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Figure 3.2-3: schematic of a 1x8 switch, taking advantage of MMI phase
relation symmetries and the ability to oppositely-pole electro-optic
polymers for single drive voltage switching.

During the last year we have made new high frequency optoelectronic oscillators working
at 40 GHz. These devices have extremely low phase noise and use our new polymer
materials in a push - pull configuration. The devices have been configured to use Mach
Zehnder structures which have low Vr and freedom from chirp. We have now started to
look at the use of our latest CX-2 materials in conjunction with passive guides. We are
using SiO; as the passive material and novel vertical transition, using gray scale masks, to
our active materials. This design should yield entirely new devices which will completely
eliminated many of the problems with optical losses that have been associated with
polymer systems. In Figure 3.2-2 we show the basic vertical transition and in Figure
3.2-3 we show a push-pull 1XN switch that will work at 40 GHz using this approach.

3.3. Distributed Balanced Detectors

The RF performance in externally modulated fiber optic links, including noise figure
(NF) and spurious-free dynamic range (SFDR), improves with increasing optical power
until the noise is limited by laser relative intensity noise (RIN). Balanced RF photonic
links suppress RIN through balanced detection and offer superior RF performance.
Balanced photodetectors with high linearity and high saturation power are the key
enabling components. Most monolithic balanced photodetectors reported in the literature
are optimized for digital systems and have relatively low saturation power (~ 1 mW).



Figure 3.3-1: Schematic of distributed balanced photodetector with p-i-n
photodiodes.

Previously, we have proposed a novel distributed balanced photodetector that integrates
velocity-matched distributed photodetector (VMDP) with balanced detectors. This
concept has been demonstrated using metal-semiconductor-metal (MSM) photodiodes.
However, MSM photodiodes suffer from catastrophic damage at low power. P-i-n
photodiodes have higher power handling capability due to larger potential barrier for dark
current and more uniform electric field distribution. Recently, we have successfully
developed a new technology to integrate p-i-n photodiodes and passive optical
waveguides with low transition loss. We have achieved a record-high linear photocurrent
of 45mA using this structure. No thermal runaway was observed for photocurrent above
55 mA. We have successfully fabricated a distributed balanced photodetector with p-i-n
photodiodes with flat frequency response from 1 to 35 GHz. Using this receiver in a
balanced link, we demonstrate that the intensity noise, including RIN and erbium-doped
fiber amplifier-added noise, has been suppressed by as much as 43 dB over a broad
frequency range (1 to 12 GHz) [3].

34. Balanced Electroabsorption Modulators

Conventional balanced links employ cross-coupled Mach-Zehnder modulators (X-MZM).
Such links suffer from high SFDM because the X-MZM needs to be biased at the
maximum of third-order distortion. We have proposed a novel balanced electroabsorption
modulator (B-EAM) to overcome this problem. The schematic of B-EAM is shown in
Figure 3.4-1. It consists of a pair of serially connected electroabsorption modulators, and
the RF signal is applied to the center electrode.
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Figure 3.4-1: Schematic of balanced electroabsorption modulator (B-
EAM).

A novel balanced electroabsorption modulated photonic link for simultaneous
suppression of even order distortions, 3rd order distortions, laser RIN, and common
amplified spontaneous emission noise at the same modulator bias point was
experimentally demonstrated for the first time. By biasing at the third order null, the 3rd
order distortions can be suppressed, while the balanced link architecture suppresses all
even-order distortions and common mode noises. The fabricated balanced
electroabsorption modulator (B-EAM) showed well-matched DC characteristics in terms
of I-V and transfer curve. System experiments were performed to compare Single-EAM
and B-EAM links. By biasing the B-EAM at the 3rd order null and operating the link in
balanced mode, 7.5 dB suppression of 2nd order distortion and 2 dB suppression of laser
RIN at the RIN peak (910 MHz) was experimentally demonstrated. The two-tone
measurement showed 17 dB suppression of 2nd order distortion and 20 dB improvement
in SFDR compared to the Single-EAM link [3].

3.5. Planar Antennas for Photonic-Microwave Conversion

Antennas printed on high dielectric constant substrates typically suffer from undesired
effects due to generation of surface-waves, including low radiation efficiency, high cross-
pol radiation, and strong mutual coupling. In complete contrast, the proposed novel
printed quasi-Yagi antenna [5] takes advantage of the generation of surface-waves. This
fact makes it ideal for construction on III-V materials such as GaAs and InP. The same
antenna structure has been successfully demonstrated as a low loss microstrip-to-
waveguide transition [6]. Integration of the quasi-Yagi antenna and VMDP offer the
flexibility of being able to collect generated microwave power into metallic waveguides
or launch it directly into free-space for applications such as quasi-optical power
combining. We can use the odd-symmetric nature of the VMDP to generate the balanced
field configuration needed to excite the driver dipole directly. This structure is also able
to provide heat sinking through the metal backing under the coupled lines while still
ensuring broadband operation and unidirectional radiation. The X-band prototype of the
back-to-back coupled line-to-waveguide transition exhibits a bandwidth of 26% for return
loss less than —10dB (Figure 3.5-1). The insertion loss ranges from —0.5 to —1.2 dB.



0

T VEAE Cakeh EELE ek Rk bk
Y3
NN ~_/
-15\/ \\V//\\ / \/
2 \ N/
-25 \
ot e ] \“’
-35

w0 bl |

8 8.5 9 95 10 105 11 115 12 125
Frequency [GHz]

Aenwd” 2o

Insertion/ Return loss [dB]

Figure 3.5-1: Measured results of back-to-back coupled microstrip line to
waveguide transition.

3.6. VCSEL performance in RF photonic links

Our measurements of short free space RF links using multimode vertical cavity surface-
emitting lasers (VCSELs) demonstrated high dynamic range of approximately 100 dB
(1Hz bandwidth) at frequencies in the 1-3 GHz range with a maximum measured
dynamic range of 110 dB (1Hz bandwidth) at approximately 1GHz. These measurements
stimulated some theoretical questions such as what determines the structure of the
dynamic range and why do multimode VCSELs have performance comparable to edge
emitting lasers. The results of our modeling effort are summarized below.

In a multimode laser, near resonance, modes respond collectively like a single mode
laser. At modulation frequencies far below resonance, where the distortion and noise of a
single mode laser are low, intermode dynamics play an important role. Mode partitioning
increases intensity noise when there is mode selective loss. Distortion is increased when

weak modes couple to the dominant lasing modes. Mode selective loss has an effect on
low frequency distortion.
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Figure 3.6-1: Third order intermodulation distortion for a two-mode laser
with side-mode-suppression-ratio of 27 dB.



Figure 3.6-1 shows the third order intermodulation distortion for a two-mode laser with
low mode overlap shown in the upper right quadrant. The contributions to the total
intermodulation distortion by the main mode, side mode, and carrier density are shown
for three different side mode suppression ratios. For the 36dB SMSR case, the distortion
response of an essentially single mode laser because the side mode is too weak to perturb
the main mode. For the 27dB case, nonlinear response of the side mode drives the main
mode, leading to increased low frequency distortion. When both modes are lasing, the
distortion again approaches the single mode case due to improved carrier density
clamping from the stimulated emission of both modes.
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Balanced Distributed Photodetectors:

Balanced receivers are very attractive for high performance microwave photonic links.
They can suppress the laser relative intensity noise (RIN) and the amplified spontaneous
emission noise (ASE) from erbium doped fiber amplifiers (EDFA). This enables the link
to achieve shot noise-limited performance at high optical powers. The link gain, spurious-
free dynamic range (SFDR), and the noise figure are greatly improved. To realize these
advantages, balanced photodetectors with high saturation photocurrents and broad
bandwidth are needed.

Though discrete balanced photodetectors with high saturation power have been reported,
their bandwidth is limited. Monolithically integrated balanced photodetectors offer
superior performance (broader bandwidth, better matching of photodiodes) and reduced
packaging cost. However, most of the reported integrated balanced receivers suffer from
low saturation power and are not suitable for analog links. We report here on a improved
monolithic distributed balanced photodetector that has a maximum linear DC
photocurrent of 33 mA (equivalent to 66 mA from regular, non-balanced photodetectors).
We achieved high AC linearity of devices under high power operations.

Figure 4.1-1(a) shows scanning electron micrograph (SEM) of the distributed balanced
photodetector. It consists of two input optical waveguides, two arrays of high-speed
metal-semiconductor-metal (MSM) photodiodes distributed along two passive optical
waveguides, and a 50Q coplanar waveguide (CPW) microwave transmission line. The
detector operates in balanced mode when a voltage bias is applied between the two
ground electrodes of the CPW. The photodiode arrays provide periodic capacitance
loading to slow down the microwave velocity. The photodiodes are designed to operate
below saturation under high optical input by coupling only a small fraction of light from
the passive waveguide to each individual photodiode.
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Figure 4.1-1 (Left) SEM micrograph of the distributed balanced receiver.
MSM photodiodes are distributed along the optical waveguide. (Right)
Principal of power combining on each branch of the receiver.
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The primary improvements we have made this year in this device are (1) continuous
waveguide transitions between passive guide and active photodiodes, and (2) multimode
optical waveguides. In our previous devices, the optical waves were weakly confined by
ridge structures, and the discontinuity of the waveguide width also resulted in excessive
optical loss at the waveguide transitions. Here, we employed a strong index-guided
optical waveguide with uniform width for both the active photodiode and the passive
waveguide. Particular care has been taken to ensure the continuity of the MSM fingers
across the 1.5-pm-high waveguide.

We have also employed a 5-um-wide multimode waveguide to increase the saturation
optical power. Multimode waveguide has been employed in lumped waveguide
photodetectors to improve fiber coupling efficiency. Here, we observed almost three-fold
improvement in the maximum photocurrent level of the multimode waveguide distributed
photodetectors with respect to single mode waveguide devices in our first demonstration.
This is an indication of better guiding and uniform distribution of input power to multiple
photodiodes in the receiver.

The balanced receiver exhibits very good electrical and optical characteristics. The dark
current is measured to be <0.2 nA/diode at 10 V bias. The DC response is found to be flat
above 4V bias. The responsivity is 0.28A/W at 4V bias (without AR coating). Figure
4.1-2 shows measured photocurrent in one branch of the photodetector versus the input
optical power. The photocurrent remains linear up to 33mA. The device fails at higher
photocurrent due to thermal runaway. It should be noted that the 33mA photocurrent in
balanced photodetector is equivalent to 66mA photocurrent in single-ended
photodetectors because the RF signals from both branches of photodiodes add in phase.

In order to investigate the AC nonlinearity of the distributed photodetectors, we used
two-tone modulation method. Optical heterodyning of three external-cavity tunable lasers
were employed to generate two RF tones at 13 and 14.5 GHz on one branch of the
balanced receiver. The output of the receiver was directly connected to a microwave
spectrum analyzer. We did not observe any 2nd or 3rd order harmonics (H2 or H3) or 3rd
order intermodulation distortion with photocurrent as high as 20 mA (limited by our
setup). This demonstrates the high AC linearity of the receiver.

11
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Figure 4.1-2 DC photocurrent versus input optical power. The DC
photocurrent remains linear up to 33mA.

The frequency response of a single branch of the photodetector was measured under
various optical input powers. The bandwidth of the photodetector remained unchanged
(14.5 GHz) when the photocurrent is varied from 0.5 mA to 14.5 mA. Figure 4.1-3(a)
shows the AC response of the phodetector at RF frequencies of 10 and 15 GHz versus the
photocurrent. The AC response is proportional to the square of the photocurrent up to the
highest photocurrent measured (14.5 mA, limited by the setup). This confirmed the
linearity of the photodetector.

To investigate the AC linearity of the receiver in balanced mode, we designed a setup as
described below. An external cavity tunable laser with 1550-nm wavelength and 3 dBm
output power is employed as the optical source. It is amplified by an EDFA and then
filtered by an optical bandpass filter with 2-nm bandwidth. The microwave signal was
modulated onto the optical carrier by an X-coupled Mach-Zehnder modulator (MZM),
which produces two complimentary outputs. The outputs are coupled to the balanced
receiver by two lensed fibers. Another external cavity laser is employed to provide
additional DC input. It is similarly amplified by another EDFA, split into two equal
branches and then combined with the AC signals through two 3dB couplers. The
wavelengths of the external cavity lasers are separated far enough to avoid interference of
their beating frequency. The polarization orientations of both AC and both DC signals are
independently optimized by four polarization controllers. The AC photocurrents were set
to 160 pA for each branch of the receiver and the DC currents were allowed to vary from
1 mA to 13 mA (limited by our setup). Figure 4.1-3(b) shows the AC output power
versus the DC photocurrent at a frequency of 13.5 GHz. In this photocurrent range, the
AC signal remained equal in magnitude within an experimental error of half a dB. To our
knowledge, this is the first report of the AC linearity measurement of balanced receivers.
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Figure 4.1-3 (a) Meaured AC linearity of the balanced receiver at different
photocurrents. The dotted line shows the ideal linearity curves. (b)
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level. The response is linear at the photocurrent range within the
experimental error of 0.5 dB.

For optimum RF link performance, high power receivers must maintain their high-speed
performance at high DC photocurrents. Most photodiodes suffer from degradation in the
frequency response at high photocurrents due to the electric field screening effect. Using
the setup described before, we measured the AC response of the balanced receiver at
various photocurrent levels. No DC input was used in this measurement. Figure 4 shows
the relative AC responsivity of the balanced receiver with photocurrents varying from 0.5
mA to 10.5 mA. The frequency response at 10.5 mA is identical to that at 0.5 mA,
indicating excellent linearity of the balanced receiver at high photocurrent. The 3-dB
bandwidth of the balanced receiver (13.8 GHz) is slightly lower than that of the
individual branches (14.5 GHz). This may be due to parasitics of the biasing capacitor
(120 pF) on one ground of the probe for DC biasing and RF signal collection.
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Figure 4.1-4 Measured frequency response of the distributed balanced
receiver at various DC photocurrents.




In conclusion, we have successfully demonstrated a distributed balanced photodetector
with high photocurrent and excellent linearity. It has a maximum linear DC photocurrent
of 33 mA (equivalent to 66 mA in single-ended photodetectors). The device also
exhibited excellent AC linearity at high photocurrents. The experimental results indicate
that the distributed balanced photodetector will have a major impact on high performance
RF photonic systems.

Parallel-Fed Distributed Photodetectors

Most of the distributed diodes are in series (SF-VMDP) and fed by a single optical
waveguide. Due to the exponential nature of photoabsorption, the first photodiode in the
chain generates the highest photocurrent and fails while the remaining discrete diodes are
still operating at current levels below their failure thresholds. As a result, the maximum
linear photocurrent of the SF-VMDP is limited by thermal runaway induced failure of the

first photodiode. The increase in absorption volume due to velocity matching is, thus, not
fully utilized.

We have proposed and demonstrated a parallel feed velocity-matched distributed
photodetector (PF-VMDP) to achieve equal photocurrents in the N distributed diodes, as
shown in Figure 4.1-5(a). The photocurrents in all the diodes are equal and in case of
failure, all the diodes in the detector reach their failure threshold current limit
simultaneously. By separating the individual photodiodes by more than the thermal
crosstalk distance, the maximum photocurrent for thermal runaway is greatly increased.
In addition, we also reduce the peak photocurrent density by the splitting ratio, N, which
decreases saturation effects caused by charge screening. The electrical outputs of these N
photodiodes are still collected in phase through a velocity matched coplanar microwave
transmission line to maintain high bandwidth. PF-VMDP thus enables us to fully utilize
the absorption volume to achieve higher linear photocurrents without sacrificing
bandwidth.

Microwave
Transmission
Line
50Q termination

CPS Transmission
Line

Photodiodes

Optical
Input
(@

(b) ; -contact o

Figure 4.1-5 (a) Schematic and (b) SEM of parallel-fed velocity-matched
distributed photodetectors (PF-VMDP).

The dark current of the p-i-n PF-VMDP is less than 1pA at -2V bias. The responsivity of
the PF-VMDP detector shows is 0.21A/W. The DC photocurrent is linear up to 52.2mA
(Figure 4.1-6). To our knowledge, this is the highest reported DC photocurrent for
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1.55um detectors. This current is limited by the maximum possible output of our erbium-
doped fiber amplifier (EDFA). We believe we can reach even higher linear photocurrents,
either by increasing the optical input to the detector or by improving the responsivity of
our detector with an integrated spot-size converter.
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Figure 4.1-6. DC response of the parallel-fed velocity-matched distributed
photodetector (PF-VMDP). The maximum linear photocurrent is 52.2 mA.

A high-power optical heterodyne source is used to measure the RF linearity of the PF-
VMDP. Two Photonetics external-cavity diode tunable diode lasers whose optical
wavelengths are set to be 10GHz apart produce the optical signals for PF-VMDP, and the
output is monitored by an HP8565E RF spectrum analyzer. The result is shown in Figure
4.1-7. The maximum linear RF power of 9dBm is also limited by the available optical
power in our setup.
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Figure 4.1-7 Optically heterodyned RF output power at 10 GHz versus the
average optical input power. The response is linear up to 9 dBm of RF
power, limited by the available optical power.

Backward-Wave-Cancelled Traveling Wave Photodetectors
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One of the fundamental issues for traveling wave photodetectors is the backward
propagating waves generated by the photocurrent. The input ends need to be terminated
with the line impedance (usually 50Q0), otherwise the phase lag between the forward and
the reflected backward propagating waves will limit the bandwidth. Bandwidth
improvement with input termination is, however, at the expense of efficiency as half of
the currents generated by the individual photodiodes are dissipated in the 502 input
termination.

High bandwidth without loss of responsivity can be obtained by canceling the backward
propagating wave using the reflections in a multi-section transmission line, as originally
proposed for distributed amplification in traveling wave tubes. The schematic of the
proposed traveling wave photodetector with backward wave cancellation is shown in
Figure 4.1-8. It consists of an array of photodiodes connected by a passive optical
waveguide. The photocurrents are collected in a multi-section microwave transmission
line. The impedance mismatch at the junction of the different CPS sections creates a
partial reflection of the forward propagating wave. The reflection coefficient at each
discontinuity is always negative provided the impedances of the multi-section
transmission line are tapered down towards the output end (i.e., the load). It is thus
possible to use the reflected wave to cancel out the backward propagating fraction of the
photocurrent generated by the photodiode at the discontinuity.

p-i-n Diodes Optical

Coplanar Strip Waveguides
with Tapered Impedances
Figure 4.1-8 Schematic of the backward-wave-cancelled traveling wave
photodetectors. The backward propagating waves are cancelled exactly by
the reflections at the discontinuity of the transmission lines at the
photodiodes. The RF efficiency is improved by 6 dB.

We choose to use three discrete diodes with equal photocurrent distribution. The required
line impedances of the individual sections of the multi-section transmission line are thus
15002, 75Q and 50Q from input to output. The widths of the coplanar lines are 2 pm, 40
pm, and 120 um and the separations between signal and ground electrodes are 120um,
100pum, and 60um, respectively. The spacing between the diodes is chosen to be 300um
such that the impedances of the loaded transmission lines are 150Q, 75Q and 50Q2. The
SEM of the fabricated device is shown in Figure 4.1-9.
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Figure 4.1-9 (a) SEM of the backward-wave cancelled traveling wave
photodetector. (b) SEM of the p-i-n photodiode.

The frequency response measured at 0dBm input optical power and —2V bias is shown in
Figure 4.1-10. The 3dB bandwidth is 38GHz. The measured bandwidth is 2.5 times
higher than the round trip time bandwidth limit of 15 GHz. This confirms that the
backward wave in our MS-TWPD is indeed cancelled. Backward wave cancellation
enables us to achieve high bandwidth in traveling wave distributed photodetectors
without losing 6 dB of electrical power in the input termination resistor. With backward
wave cancellation, the necessity of fabricating an on-chip termination resistor and DC
blocking capacitor no longer exist, simplifying the fabrication process.
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Figure 4.1-10. Frequency response of the backward-wave-cancelled
traveling-wave photodetector. A bandwidth of 38 GHz has been achieved,
and the RF response is improved by 6 dB.

4.2. Electro-Optic Polymer Modulators

Scientific Personnel

Prof. Larry Dalton, Co-P.1.

Prof. William H. Steier, Co-P.I.
Dr. M-C Oh, Research Associate
H. Zhang, Research Assistant

C. Zhang, Research Assistant
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G. Todorova, Research Assistant
Advances in EO Polymers

Professor Larry Dalton has continued the development of polymers with large electro-
optic coefficients and Professor Steier in collaboration with Professor Harold Fetterman
at UCLA has used these materials in high speed infrared modulators. Dalton’s group has
recently developed a new chromophore, CLD, with aminophenyltetraene as donor-bridge
and a tricyano derivatized furan as acceptor which shows exceptionally high nonlinearity.
This chromphore has also been sterically designed with additional side group to prevent
the close approach of the molecules and therefore to prevent the dipole-dipole
interactions from locking the molecules into a counter alignment. These advances have
brought the r33 coefficients in both guest-host and covalently attached crosslinked
systems to new levels. -

Lockheed has recently identified a very promising polymer host material,
APC(amorphous polycarbonate), which has low loss both at 1300 nm and 1550 nm and
easily produces high quality, stable thin films. Using this material and the CLD
chromophore in a guest host system, we have produced the best polymer modulators yet
reported at 1300 and 1550 nm. We have measured the r33 coefficient at 1060 nm as a
function of the chromophore loading density. The peak value is approximately 90 pm/V
which, when dispersion is taken into account, becomes ~ 60 pm/V @ 1300 nm and ~45
pm/V @ 1550 nm. The optical loss has been measured in a slab waveguide as ~ 1.5
dB/cm @ 1300 nm and ~2 dB/cm @ 1550 nm. The thermal stability break point in poled
material was 120°C indicating that long term stability can be expected at 90-100°C.

Dendritic Electro-optic Materials: The next Generation of Electro-optic Materials
Professor Larry Dalton, as part of this program, has developed a number of novel

dendritic electro-optic materials. ~ These include versions containing multiple
chromophores as shown in Figure 4.2-1.
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Figure 4.2-1. A multiple chromophore cross-linkable dentritic EO material

Statistical mechanical (kinetic Monte Carlo) calculations suggest that dendritic structures
should permit improved control of inter-molecular electro-static interaction and should
result in a significant improvement in electro-optic activity. These structures should also
permit improved processing leading to materials with improved thermal and photo-
chemical stability. Dendritic materials can also reduce the optical loss by eliminating the
absorption due to C-H vibrations.

In a typical example, by fluorination and by use of cyanurate dendron ligands the optical
loss has been reduced to 0.4 dB/cm at 1300 nm and 0.1 dB/cm at 1550nm. With modest
chromphores (mb <10 x 10-45 esu) an electro-optic coefficient of r33 = 60 pm/V has
been achieved. In addition the improved processability has produced crosslinkable
versions of demdrimers with r33 stable at 85°C for 1000 hrs. Figure 1 shows an example
of multiple chromophore dentritic material.

Advances in Polymer High Speed Modulators
Using the new PC-CLD material we have fabricated some of the best polymer

modulators yet reported. We consistently achieved Vpi = 2.5 V @ 1300 nm and Vpi =
3.8 V@ 1550 nm. The interaction length of these devices is 22 mm. In these modulators
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we did not achieve as efficient poling as achieved in the test samples. The conductivity
of the lower cladding is an issue. With better lower cladding material we expect to
further reduce these Vpi number by 70%. Figure 4.2-2 shows the design of the
modulator.

/—Waveguide
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> /L / \ -
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o —+50Q
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UV 15 (2.5 um)
'I;— Si substrate (Ridge height: 0.3  um)

Figure 4.2-2 Polymer microwave infrared modulator.

The measured optical insertion loss of the modulators is 9-10 dB. In this measurement
light is butt coupled into the waveguide from a fiber and the output light is collected by a
lens and focused onto the detector. We estimate ~ 4 dB input coupling loss and ~1dB of
output coupling loss. This leaves 4-5 dB of loss in the modulator which translates into
~1.5 dB/cm loss in the optical waveguides. Our experiments using fiber lenses have
shown that the coupling losses can be reduced to ~ 1 dB at the input and the output which
will yield a packaged modulator with 6 — 7 dB insertion loss.

The extinct ratio of the modulators is consistently in the 25-30 dB range. This indicates
that the waveguides are single mode. Figure 4.2-3 shows the measurement of Vpi.

We have made preliminary frequency response measurement out to 40 GHz and find the
response is flat except for ripples due to impedance mismatches in the rf circuit. In a
recent time stretching experiment @ 1550nm, Prof. Fetterman’s group at UCLA has used
these modulators to demonstrate time stretching by a factor of ten from a 100 GHz input
down to 10 GHz.

Dr. Y. Shi has recently used the CLD chromophore in a PMMA host to demonstrate a sub
1 V modulator. Using a push-pull poling scheme he measured V. = 0.8 V using a 3 cm
interaction length.

20



A

%/\‘i\/g .0 (:) .............

. KYNS 2 .20._(? -mW-ff
-12.5000 ¥ -60.0000 m¥ +

Figure 4.2-3 Measurement of Vpi of the polymer electro-optic modulator.
The upper trace is the applied voltage and the lower cure is the 1300 nm
light from the modulator

Integrated Polymer Opto-Electronics

We have developed techniques to include our modulators in more complex optical
circuits including arrays of modulators and arrays of photonic rf phase shifters. This
work is in close collaboration with Professor Fetterman’s group at UCLA. One of the
major issues is the optical loss in the active polymer material that becomes a serious
problem when the length of the waveguides is more then 3-5 cm. One solution is devices
that integrate both passive and active polymer materials within the same optical
integrated circuit. The goal is to achieve lower over all insertion loss by using the higher
loss active polymers only where needed. The general approach is to use adiabatic tapers
between the two materials to assure a low loss transition by matching the mode profiles.
This builds on earlier work on 3D integrated optics. One of the most promising low loss
materials system is the SiO2. The poling and operation of polymer EO device integrated
with SiO2 may require going to in-plane poling and a co-planar electrode configuration. .

Industrial Collaboration and Technology Transfer

The MURI team has collaborated with the following companies on research and
technology transfer:

1. TACAN, Inc.

2. RVM Scientific

3. Pacific Waves, Inc.

We have met with the following companies to explore possible joint research programs in
areas of RF photonics:

Rockwell Science Center — Dr. John Hong

Lockheed Martin — Dr. Char Mo Chen




4.3. Time Wavelength Signal Processing

Scientific Personnel

Prof. Bahram Jalali, Co-P.1.

Dr. Fred Coppinger, postdoc

Dr. Parag Kelkar, posdoc

Bhushan Asuri, Research Assistant

Siva Yegnanarayanan, Research Assistant

Digital Signal Processing (DSP) has revolutionized modern communication and radar
systems. For wideband systems, however, the application of DSP is hindered by the
difficulty in performing the Analog-to-Digital Conversion (ADC) of wideband signals. A
state-of-the-art electronic ADC, embodied by the real-time Tektronix digitizing
oscilloscope (Tektronix TDS7404) boasts 20 Gsample/s, 4 GHz analog bandwidth and an
Effective Number of Bits (ENOB) of approximately 4.5 bits, over the full bandwidth. The
high sampling rate is achieved by using the time-interleaved architecture. Here the signal
is captured by a parallel array of slow digitizer that are sequentially clocked at a sub-
Nyquist rate. The Nyquist criterion is satisfied when the signal is reconstructed in the
digital domain. It is well known that the mismatches between digitizers in the array limit
the dynamic range, so measured by the ENOB.

Under the MURI program and the subsequent DARPA PACT program, we developed an
entirely new A/D architecture. The so-called time-stretch ADC, shown in Figure 4.3-1.
Here the analog signal is slowed down prior to sampling and digitization by an electronic
digitizer. For a time-limited input, a single channel, shown in Figure la, suffices. A
continuous-time input can be captured with a multi-channel system shown in Figure 1b,
where the partitioning of the continuous signal into parallel segments can be performed in
the wavelength domain through time-to-wavelength mapping. Slowing down the signal
prior to digitization has several advantages. For a stretch factor of M, the effective
sampling rate is increased to M.fs. The input bandwidth of the electronic digitizer is also
increased by M. The error associated with the jitter in the sampling clock of the digitizer
is reduced due to a reduction in the signal slew rate. For a time-limited input, only a
single digitizer is needed (Figure 4.3-1(a)) hence eliminating the inter-channel mismatch
problem. For the continuous-time system (Figure 4.3-1(b)) it has recently been shown
that mismatch errors can be corrected using the information available in the signal. This
is an important advantage of the time-stretch ADC over the time-interleaved ADC. It
exploits a fundamental difference between the two systems: in the former, the signal at
each channel is sampled at or above the Nyquist rate whereas in the latter, it is sampled at
a fraction of the Nyquist rate.
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Figure 4.3-1 Time-stretch Analog-to-Digital Conversion. (a) with a time-
limited input signal, and (b) with a continuous-time input signal.
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Figure 4.3-2 Physical implementation of the time-stretch preprocessing.
Single SideBand (SSB) modulation removes the electrical bandwidth
limitation imposed by dispersion. The differential Mach-Zehnder (MZ)
modulation is used to remove common-mode distortion.

Figure 4.3-2 shows the physical implementation for a single channel time-stretch ADC.
The input electrical signal is modulated onto a chirped optical carrier. This is followed by
dispersion, leading to temporal stretching of the modulation envelope. A single sideband
modulation format eliminates the dispersion penalty that would otherwise place a limit on
the electrical bandwidth. While a phase distortion remains, the effect is static and can be
filtered in the digital domain. The differential scheme, using dual-output Mach-Zehnder
modulator, is used to remove temporal distortions caused by the non-uniform power
spectral density of the supercontinuum source and the RIN noise. It is important to note
that this system is different than the time-lens, both in theory and in physical
implementation. In the time-lens, the input signal must be dispersed. For ADC
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applications, the input signal is electrical. The lack of any wideband and low-loss
electrical dispersive technology makes it difficult to use the time-lens in ADC
applications.

Figure 4.3-3 shows 120 Gsample/s real-time digitization of a 20GHz signal. This was
achieved by cascading a 6x photonic time-stretch preprocessor with the 20Gsample/s
Tektronix TDS7404 digitizer which has a 4GHz bandwidth. The time-stretch increases
the bandwidth to 24GHz making it possible to capture a 20GHz signal with the 4GHz
digitizer. Presently, the Signal-to-Noise Ratio (SNR) is 3.5bits over the full 24GHz
effective bandwidth. This is one-bit lower than the 4.5 bit resolution of the electronic
digitizer. The detailed discussion of this phenomenon is beyond the length-limit of this
paper, but simply stated, it originates from partial loading of the digitizer in our
experiment. With a modified O-E stage, we expect to recover this reduction in the SNR
to the point that it will be limited purely by the electronic digitizer.
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Figure 4.3-3 Experimental demonstration of the time-stretch ADC. Real-
time capture of a 20GHz input at 120 Gsample/s is demonstrated. The
system has an effective bandwidth of 24 GHz.

Time-frequency techniques can also be used to generate ultra wideband electrical
waveforms with arbitrary modulation. In this approach the spectrum of a broadband
optical pulse is shaped according to the waveform of interest. Following dispersion, this
spectral waveform is directly transformed into an identical time waveform, which is
subsequently converted to electronic domain using a photodetector. In a recent
demonstration, intelligent digital control of the spectrum has been used to render the
system insensitive to the nonuniform power spectral density of the optical source. The
system directly converts digital data to ultra wideband analog waveforms.

Technology Transfer
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Dr. Fred Coppinger became employed at Harmonic Inc. one of the leading suppliers of
analog fiber optic systems to the CATV industry. His knowledge of analog photonics
acquired under this program has been instrumental in design of optical video distribution
systems. Dr. Parag Kelkar became employed at Corning. Siva Yegnanarayanan and
Bhushan Asuri became employed at the Optical Networking Group of Intel Corporation.
Aerospace Corp. is planning to construct a time stretch ADC system modeled after
UCLA’s testbed. UCLA is currently assisting Lawrence Livermore laboratory on
development of a time stretch system for capture of ultra fast transients.

44. VCSEL’s with Intracavity Absorbers

Scientific Personnel
Professor Connie Chang-Hasnain, Co-P.1.
Professor Kam Y. Lau, Co-P.1.

We have demonstrated a variety of applications using a vertical cavity laser with an
intracavity absorber/modulator. Independent control of the gain region and the quantum-
well absorber allows the device to be used as an integrated optical source and modulator.
Experimental demonstration of optical carrier modulation by applying the signal to the
intracavity absorber is demonstrated. We achieve a 9 GHz small signal modulation
bandwidth and a modulation efficiency of 7GHzNmA using this technique. Furthermore,
our absorber modulation technique is expected to result in less frequency chirping than
does direct gain modulation. Our novel device is a vertical cavity surface emitting laser
with an n-p-n configuration that has an additional quantum well integrated into the upper
mirror stack, as shown in Figure 4.4-1.
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Figure 4.4-1 Schematic structure of VCSEL with an intracavity absorber
and its light-versus-current characteristics with OV applied on the
absorber.

The response of the device to absorber modulation is shown in Figure 4.4-2, for a variety
of gain bias conditions. We achieve a small signal modulation bandwidth of 9 GHz at a
gain bias current of 8 mA and a modulation depth of 0.6%. As expected, the small-signal
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modulation bandwidth increases as the square root of the gain current bias above
threshold. The bandwidth efficiency of the absorber modulation technique (7 GHz/YmA)
is comparable to that obtained using direct gain modulation. Furthermore, the absorber
modulation bandwidth is relatively independent of the choice of DC absorber bias.
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Figure 4.4-2 Absorber modulation response for varying DC gain bias
currents (I;). The DC absorber bias V,pc =1V, and the small-signal AC
modulation of the absorber voltage is -10 dBm.

5. Planar Antennas for Photonic-Microwave Conversion

Scientific Personnel

Professor Tatsuo Itoh, Co-P.1.

Yongxi Qian, Postdoctoral Researcher
Noriaki Kaneda, Research Assistant

High-power, high-frequency photodetectors can significantly reduce RF insertion loss,
increase spurious-free dynamic range, and enhance system signal-to-noise ratio. They
are also imperative for the generation of millimeter-wave and THz frequency power by
optical heterodyning. In addition to the development of novel photonic devices, we
believe that the overall performance of microwave-photonics systems can greatly benefit
by the integration of such devices with antennas. If the microwave power is delivered to
an antenna load free-space power combining can be used. Research done in the
investigator’s group has been focused on the integration of active microwave devices
with planar antennas. In this scenario antennas are utilized as power combiners/splitters,
harmonic tuners, and mode filters, as well as acting as the radiating element. This offers
a tremendous savings in overall circuit size and insertion loss, which becomes a serious
concern at millimeter-wave frequencies. The same benefits can be obtained by the
integration of antennas and microwave-photonic devices such as velocity-matched
distributed photodetector (VMDP).

Our research effort has been to develop antennas which are compatible with microwave-

photonic devices. There are three main challenges that are addressed: 1. Fabrication on
semi-conductor materials (GaAs, InP), 2. Antenna efficiency, 3. Excitation mechanism
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of antenna. Antennas printed on high dielectric constant substrates such as GaAs and
InP typically suffer from undesired affects due to generation of surface-waves, including
low radiation efficiency, high cross-pol radiation, and strong mutual coupling.

The novel printed quasi-Yagi antenna was developed to take advantage of the generation
of surface-waves, making it ideal for construction on III-V materials. The printed
antenna configuration is very similar to the configuration of the Yagi-Uda dipole array in
such a way that all three dipole components, which include the driver dipole, director
dipole and the reflector, can be readily identified. However, the role of the driver dipole
has become the generator of surface-wave power in the high dielectric substrate on which
the antenna is printed. The generated TEQ surface-wave energy directly contributes to
free-space radiation. The endfire nature of the antenna comes in part due to the truncated
microstrip ground plane on the backside of the substrate that acts as an ideal reflector for
the TEO mode. Because they share the same field polarization the TEO surface-wave is
strongly coupled to the parasitic director dipole element of the quasi-Yagi antenna,
influencing the antenna’s radiation pattern and impedance bandwidth. A photograph of
an X-band (8-12 GHz) prototype of the antenna fabricated on 0.635 mm RT/Duroid with
permittivity of 10.2 is shown in Figure 4.4-1.

Figure 4.4-1 Photograph of fabricated X-band quasi-Yagi antenna.

Measured results show that the quasi-Yagi antenna radiates an endfire beam, with a front-
to-back ratio better than 15 dB with cross-pol less than -12 dB across a large frequency
range (50%). Antenna radiation efficiency was measured to be 93%. This planar antenna
will also be beneficial in the design of phased array antennas due to its broad main beam,
compact size, and low mutual coupling (<-22 dB). Additionally, the antenna is easily
scaled to cover various frequency bands. This has been experimentally verified at C-
band (4-6 GHz) and V-band (50 -75 GHz) with no difficulties. In addition, measurement
of the radiation efficiency of the antenna structure shows peak efficiency greater than
90%.

For integrating of the quasi-Yagi antenna and the VMDP instead of the single microstrip
feeding, coupled microstrip feeding is employed to provide complete compatibility and
integration of the two components (Figure 4.4-2).
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Figure 4.4-2 Schematic of quasi-Yagi back-to-back coupled microstrip
line to waveguide transition.

We rely on the odd-symmetric nature of the VMDP to generate the balanced field
configuration needed to excite the driver dipole. In addition, this structure is able to
provide heat sinking through the metal backing under the coupled lines while still
ensuring broad band operation and unidirectional radiation. The X-band prototype of the
back-to-back coupled line-to-waveguide transition exhibits a bandwidth of 26% for return
loss less than —10dB. The insertion loss ranges from —0.5 to —1.2 dB. This structure can
be readily scaled to other frequency ranges and be optimized for an increase in
operational bandwidth (Figure 4.4-3).
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Figure 4.4-3 Measured results of back-to-back coupled microstrip line to
waveguide transition.

The same antenna structure has been successfully demonstrated as a low loss microstrip-
to-waveguide transition which exhibits a 35% bandwidth with return loss better than -12
dB and insertion loss -0.3 dB at X-band frequencies. Measurements of a V-band (50-75
GHz) transition show a 30% bandwidth with return loss better than -10 dB with 95%
transmission efficiency at the center of the band (Figure 4.4-4).
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Figure 4.4-4 Measured insertion loss, return loss, and efficiency of back-
to-back waveguide to microstrip transition using quasi-Yagi antenna.

The development of the integrated antennas and waveguide transitions can be used for
power combining at microwave frequencies. Power can be collected in metallic
waveguides or be launched directly into free-space for applications such as in quasi-
optical power combining.
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